PURPOSE. To measure the variation in human cone photoreceptor packing density across the retina both within an individual and between individuals with different refractive errors.
Introduction
Adaptive optics retinal imaging [1] [2] [3] [4] , now allows routine imaging of retinal cone photoreceptors in the living human retina. This approach is now providing direct measurements of how cone photoreceptors are affected by diseases such as retinitis pigmentosa and cone-rod dystropy 5, 6 as well as others conditions 7 . However, to fully utilize these measurements in the study of disease, we need to have a solid understanding of the variation in cone packing density in normal eyes. Currently, most studies investigating in vivo cone photoreceptor packing have utilized the histological data of Curcio and colleauges 8 to provide a normal control data set. In their studies, they showed that there were individual variations in central cone packing density, but less in the near periphery, a result in agreement with other in vivo techniques 9, 10 . In addition, she and collaborators have found some changes in cone numbers with aging 11, 12 . Furthermore, the distribution of cones across the retina is uneven, with a slight tendency to show a higher density of cones along the horizontal meridian 8 .
While these changes have not been fully investigated in vivo, there is also likely to be sources of individual differences in cone packing density that do not arise from age or disease. One such cause is likely to be eye size. While the cones reach their final number early in development, the eye continues to grow through adolescence and even into adulthood [13] [14] [15] [16] . Thus, it is expected that if a constant number of cones are distributed across various size eyes, that there could be large individual differences that arise due to eye size. Since eye length varies from 22mm to 28mm in length, we could expect the surface area to vary by 60%. While the details of eye growth are not quite so straight forward [17] [18] [19] [20] [21] , it is clear that in terms of the number of cones/mm 2 of the retina, we expect a significant dependence on eye length, an expectation that is supported by the finding of decreased cone spacing at 2 degrees in the temporal retina for myopic eyes 22 . The dependence of cone density on eye length has also been indirectly implicated from psychophysical studies of the effect of myopia on peripheral visual acuity. Axially myopic eyes are larger than emmetropic eyes due to elongation of the vitreous chamber [13] [14] [15] [16] . In the eyes of axial myopes there is reduced visual acuity and contrast sensitivity [18] [19] [20] [21] [23] [24] [25] [26] [27] [28] . These impairments in visual performance can be attributed to both reduced neural sampling density associated with retinal stretching 18, 20, 28 and reduced optical quality in myopes 29, 30 . In the present study, we examined individual differences in cone packing density across the retina for young adults. We also measured the variation in cone packing density across the retina both within an individual and between individuals with different refractive errors and axial lengths.
Methods

Subjects
Eleven healthy subjects (5 males and 6 females; age range 21-31 years, mean 26.6) participated in these measurements. All subjects received a complete eye examination, including a subjective refraction and retinal imaging using a Heidelberg Retina Angiograph (HRA) (Heidelberg Engineering GmbH, Heidelberg, Germany).
Exclusion criteria for this study included any retinal pathology or systemic diseases. 
Apparatus
The Indiana AOSLO system has been described in detail elsewhere 31 . In general, it is composed of three primary optical subsystems of importance to the current study, the wavefront sensor and deformable mirror subsystem, the confocal imaging subsystem, and the wide field imaging subsystem. The light source for high resolution imaging was provided by a super luminescent diode (SLD) which had a 50nm bandwidth centered at 840nm. The adaptive optics control of the system was maintained using a Boston Micromachines deformable mirror (BMC MEMS) and custom software.
Wavefront errors were detected with a Shack Hartmann sensor operating at 15 Hz. The imaging raster was provided by an 8 kHz horizontal scanning galvanometer and a programmable vertical scan galvanometer. For these experiments the vertical scan was programmed to provide full frame images of 512 x 512 pixels at a frame rate of 15Hz.
Light returning from the retina passes through a confocal aperture optically conjugate to the retinal plane. For this study, the confocal aperture was either 12µm or 24µm
relative to the retina depending on which aperture produced the best image quality prior to dilating the subject. Subject's head movements were stabilized using a wax impression of the mouth and a head rest. Subjects were instructed to fixate an illuminated green LED. Fixation LEDs were arranged in an 8x8 array. For a given fixation position, a set of steering mirrors positioned the beam sequentially across the retina with a range of 9 degrees vertically and 10 degrees horizontally.
Procedures
Images were collected as short sections of sequential video frames (30 frames). As soon as a region of retina was imaged, the steering mirrors were moved under experimenter control, such that an adjacent section of overlapping retina was imaged, and the next set of frames was collected. For each subject we obtained four approximately 10 degree sets of cone images. Each set started at the fovea, and proceeded towards the periphery along either the horizontal meridian (both nasal and temporal) or the vertical meridian (both superior and inferior). Typically a single acquisition of 30 frames was sufficient to collect a data set suitable for cone quantification. To relate the separate video frames to each other, it was necessary to align them properly. Image montaging was performed offline by finding corresponding points between the selected images using cross correlation in MATLAB (Mathworks, Inc., Natick, Massachusetts). Each image in the montage was generated from a single frame without averaging. All montages locations were verified by comparing to the subject's HRA fundus images. A comparison of HRA and cone image strips is shown in Fig. 1a & b. 
Measuring the cone packing density
A set of 150x150 pixel sampling windows at different retinal eccentricities were located on the montages (Fig. 1c) . These sampling windows were chosen such that an apparently complete set of retinal cones was optically resolved. That is, none were obscured by blood vessels. The position of each cone within the sampling windows was then digitized manually by the investigator in MATLAB by clicking a mouse on the cone, and marking its location on the image to ensure that no cone was counted twice, and that none were excluded. From these cone counts, the density of cones was calculated for a set of fixed distances from the fovea for locations throughout the montage.
Computing the retinal magnification factor
Differences in optical magnification, and thus retinal image size, created by different axial lengths and different correction lenses cause the relation between pixel coordinates and retinal dimensions (expressed in mm) measured by an AOSLO to vary.
For a given visual angle, retinal dimensions (mm) will be larger in a myopic retina than in an emmetropic retina due to the longer axial length. This larger retinal dimension affects the calculation of cone packing density in cells/mm 2 . For this reason we converted pixels to retinal position using the measured axial length for each eye by computing a retinal magnification factor (RMF) that converts from external angles to retinal dimensions based on the axial length of the individual eyes being imaged and the optics of the system. In our system we corrected ametropia using both a built-in Badal optometer (which because it is telecentric does not alter the angular magnification with changes in defocus) and trial lenses (which in our system do change the angular magnification). When trial lenses were used, they were placed in the AOSLO system at 15mm from the pupil plane. To correct for the effect of the trial lens, we used a standard reduced eye model to calculate the magnification factor.
Individual RMF was computed using ZEMAX (ZEMAX Development Corporation, Washington). The RMF was estimated for each eye based on the correction lenses added to the system and the subject's axial length. To double check the ZEMAX computed relative RMF, we compared the RMF computed from ZEMAX with the RMF calculated by the ratio of pixel distance between two cones of the same subject when wearing contact lenses and when using trial lenses. The test subject had a refractive error of -4.50D and an axial length of 25.07mm. We measured a 2% difference between the corrected intercone distances for the two imaging conditions when the images were corrected according to our ZEMAX model (Fig. 2) . A similar calibration was performed on a model eye, where the axial length (the distance from the lens to a target) was varied, and the system was used to optically correct the induced defocus. Results were similar. by the distance between two distinctive cones (circles). When corrected using our optical model, the results were within 2% of each other, despite the relatively large magnification change due to the use of trial lenses in one of the conditions.
Results
Five emmetropes, four low-to-moderate myopes and two high myopes were tested.
The relationship between spherical equivalent refractive error and axial length is shown in Fig 3. As expected, significant correlation was found between the axial length and refractive error (r=-0.92, p<0.0001). As expected from the resolution of our system (2.8 microns for a diffraction limited emmetropic eye), we were unable to image the central foveal cones, but we were able to count cones from approximately 1 degree to 10 degrees. 
Cone packing density in emmetropic eyes
Variation of cone packing density with retinal eccentricity along the superior meridian in five emmetropes is shown in Fig. 5 . 
Variation of cone packing density in 3 groups of refractive error
Fig. 6 compares cone packing densities obtained from the three groups of subjects for four meridians. There was considerable variability among the six tested myopes. As with the emmetropes, a power law fit was used to estimate the overall trend of cone packing density change as a function of retinal eccentricity in each subject group. The results of these fits for the three subject groups are shown in Fig. 7 . Table 1 shows the mean cone packing density for each subject group for two retinal locations and for each of the four meridians. The retinal regions considered for this analysis were a region about 3 degrees from the fovea, and a region about 6 degrees from the fovea (area 1 = 0.9-1.0mm and area 2 = 1.8-2.0mm retinal eccentricity). Due to the steepness of the cone packing density gradient near the fovea, we did not include regions closer to the fovea than 900 um for the summary comparison, since the precise area sampled in a single subject due to blood vessel location could produce a significant bias in the results. Cone packing density was higher in Group 1 than the other two groups in all meridians and retinal areas except for area 2 in the nasal meridian. For all groups the cone packing density was the lowest in the inferior meridian. To test the significance of the interactions between refractive error group, meridian, and eccentricity, a three way ANOVA was performed (SPSS 15.0). The ANOVA results are presented in Table 2 .
The significance of the mean differences was computed by performing two-way comparisons between groups for each of the retinal eccentricities. Table 3 presents the results for a pairwise comparison of the means across area 1 and area 2, and shows that cone packing densities were significantly higher for refractive error Group 1 than for refractive error Groups 2 and 3. Table 4 summarizes the regression slopes of estimated cone density in four meridians as a function of axial length and refractive error. Table 4 . Regression slopes for cone density in cells/mm2 and cells/deg2 in four meridians as a function of axial length (AL) and refractive error (Rx). * indicates regression slope was statistically significant with p<0.05.
Variation of cone packing density with different axial lengths and refractive errors
Discussion
We have been able to use the AOSLO to make systematic measurements of cone packing density across the retina. In the present study, data from five emmetropes and six myopes were obtained. We find that in the emmetropes the cone packing density expressed in cells/mm 2 is in overall agreement with the data reported by Curcio et al. 8 .
Other anatomical studies have found similar results [32] [33] [34] , although perhaps with lower cell counts in the parafoveal retina, but it is not clear if these represent individual differences or biases due to preparation. Curcio and colleagues presented the most detailed analysis of cone distributions. They find that cone packing density at 1mm
superior retina was ~16,000 cells/mm 2 , corresponding to a cone spacing of 7.4µm.
Similarly, we found that cone packing density at 1mm eccentricity in the superior retina was 15,121 cells/mm 2 in five emmetropic eyes, this corresponds to a cone spacing of 7.6µm. In fact, we did find considerable individual differences in cone packing density. Some subjects had cone packing density lower than those reported by the study of Curcio and colleagues. When we look at the results for our low-to-moderate and high myopes, our data are much lower than the data of Curcio and colleagues. However, the decrease in density with increasing retinal eccentricity is similar to all studies.
One of the goals of the current study was to provide a basis of comparison for studies of the effect of age and retinal pathology on cone packing density. This comparison requires careful optical modeling and determination of the exact positioning of the correction optics. For this reason we also compared differences between eyes based on simple angular density of the cones, that is using the visual angle rather than retinal size, which requires correcting the data for the axial length of the eye. As seen in Fig. 9 , the cone packing density is much more constant with axial length when expressed in cells/deg 2 of visual subtense than when expressed as cells/mm 2 of retinal surface area (Fig. 8) . This means that at least over this range of axial lengths, the data can be directly compared to a single set of subjects, without the need to measure and correct for axial length of the eye. Since in many hereditary retinal degenerations, eye size can be quite large, this result is reassuring. However, it is not known that the eye growth in hereditary retinal pathology, or even in very high axial myopia follows the same pattern of eye growth.
The importance for eye growth can be explained by noting that the current data provide information on how differences in axial length, and presumably the subsequent retinal stretching and cone remodeling, varied at different retinal eccentricities and meridians.
It is well established that the increase in the eye's axial length is greater than the increase in equatorial diameter as myopia develops 17 35-37 , but it is less clear whether the increase in axial length is distributed uniformly across the posterior pole, or locally.
One extreme example of a local growth would be if all the increase in axial length occurred as axial growth at the equator. We consider that it is unlikely that the cones are freely sliding across the entire surface of the retina during eye growth, since the vasculature is thought to constrain cone migration 38, 39 , and because of this the cone packing density can be used to examine whether eye growth is causing local anisotropies or simply an uniform decrease in cone packing density. That is, a general expansion of the posterior pole should produce uniform changes in cone density, whereas a purely axial elongation at the equator should produce low cone densities at the equator, but normal everywhere else. While we cannot measure cone density at the equator, our data do provide information on cone packing density within a few millimeters of the fovea. If the posterior pole grows uniformly, we would expect that between an eye with an axial length of 22 mm and one with an axial length of 28 mm, there would be a change of about 60% everywhere. This is not the case. At 1mm in the superior retina, we find that the average cone packing density for an eye with an axial length of 28mm is roughly 77% that of an eye with an axial length of 22mm. Similarly, for data at 2mm superior retina, the average cone packing density decreases to 75%
with the same change in axial length. In contrast, for cone packing density at 1mm nasal retina, the average cone packing density for an eye with an axial length of 28mm is roughly 93% that of an eye with an axial length of 22mm. For data at 2mm nasal retina, cone packing density decrease to about 79% with the same change in axial length. Therefore, our data are not consistent with a model of eye growth that occurs uniformly, with a consequent uniform decrease in cone packing density. Similarly we can rule out the equatorial stretching model, which predicts similar cone packing densities in cells/mm 2 at the posterior pole for emmetropic and myopic eyes. Therefore, our data are also inconsistent with the hypothesis that the growth of the eye arises entirely from equatorial elongation. Thus, it is possible that that the elongation of the eye is differentially distributed across the posterior pole. This type of growth would still result in the well established prolate shape with increased retinal surface area. However, the local increase in surface area would represent a complex combination of contributions. We cannot fully test this possibility, due to the limited range of retinal eccentricity tested in the present study, but there do appear to be local variations, with the smallest dependence on axial length occurring for the nasal retina. It is also important to note that this growth pattern may not be the same in extreme myopia or in hereditary retinal degeneration, but it does suggest that a simple comparison of cone packing density based on the angular dimensions would be acceptable for determining normality of the cone mosaic.
These data are also related to studies which have examined the visual capabilities of myopes. According to sampling theory, retinal resolution capability of the cone mosaic can be computed based on the spatial density of the retinal mosaic 40 . There is a large body of experimental evidence in support of this theory, with previous studies showing that retinal resolution acuity in cycles/mm is reduced with increasing myopia [18] [19] [20] 28 .
This result has been interpreted as evidence for retinal stretching of the myopic eye [19] [20] [21] 41 . One possible explanation linking structure and function in myopic eyes is that retinal stretching caused by expansion of the posterior pole may lead to a reduction in neural sampling density [19] [20] [21] 41 . That is, a reduction in cone packing density has been interpreted as evidence for a visual acuity (cycles/mm) reduction in myopia which is most likely associated with retinal stretching of the myopic eye [19] [20] [21] 41 . Our data allow us to compare actual cone measurements to data on acuity that have been published. density then would be inferred from their data but this difference is small. Looking at the data for 10 degrees, there is an offset between their measurements and our prediction, probably based on the well documented finding that retinal resolution acuity is limited by the P-type retinal ganglion cell density not cone packing density beyond 10-15 degree retinal eccentricity [44] [45] [46] . Here however we find that the variation with refractive error is similar. Thus, both data sets indicate that myopic eyes have lower retinal resolution acuity than emmetropic eyes. Therefore, our study provides further evidence in support the hypothesis that retinal stretching in myopic eyes reduces retinal sampling density. 
Conclusions
In summary, our results provide a baseline analysis of cone packing density in vivo in relatively young, healthy human eyes. This baseline data is useful for detecting and monitoring the loss of cone photoreceptor in retinal diseases. This study has also demonstrated that in terms of cones/mm 2 , there is a systematic decrease in cone packing density with increasing axial length. Thus, as predicted by retinal stretching, cone packing density is lower in highly myopic eyes than in emmetropic eyes. Our emmetropic eyes have similar cone packing density to data reported by Curcio, but our myopic eyes have lower packing densities. We find a similar variation in cone packing density with changes in retinal eccentricity and meridian to those reported by Curcio with the exception of the nasal meridian, where we find somewhat lower cone packing densities. While our data do not have sufficient power to test differences between different degrees of refractive error, they do suggest that such changes would be present, as expected from the need to distribute a constant number of cones over a larger retinal surface area.
